T HE LOW-FREQUENCY ballistocardio-
gram introduces a new degree of precision in the early recognition and appraisal of arteriosclerotic heart disease and may aid ili evaluating subsequent heart failure and its treatment. The ballistocardiograph has already been proposed as a simple tool for the purpose of screening such potential patients.i-3
Thus far, however, Starr1 has confined his discussion to alterations in amplitude and gross form in the high-frequency ballistocardiogram, while Brown and de Lalla'3 4 have recently added an index, based on the variations in amplitude with respiration, to supplement the grosser abnormalities. Serial observations on patients in heart failure have previously been reported,' 6 but no consistent pattern of improvement was presented.
MATERIAL AND METHODS
The patients were selected from the wards of Albert Merritt Billings Hospital and the Cardiac Clinic of the University of Chicago Clinics. Their selection for the groups to be studied was as follows: group 1 is a series of 40 young normal adults under 37 years of age and group 2 is a series of normal patients older than 37 with criteria as previously described;7 group 3 consists of 54 patients ranging in age from 30 to 72 years (average age 54), with arteriosclerotic heart disease, chosen on the basis of criteria established for the anginal syndrome or a recent myocardial infarction by the New York Heart Association; and group 4 consists of 27 patients in congestive heart failure, averaging 59 y-ears (41 to 79 years). The tracings for group 3 In part presented by title to the Central Society for Clinical Investigation November 2- 3, 1951. 389 were taken on outpatients or after an average of 32 days of bed rest following the onset of an acute mvocardial infarction. The infarction was not fresh, and congestive failure was not and had not been present in any members of the group. Group 4 patients in congestive heart failure were likewise not in serious condition, for low-frequency ballistocardiograms cannot be taken if the patient is too dyspneic or presents a marked arrhythmia.8 Evidence for heart failure was based upon a history of paroxysmal nocturnal dyspnea or a history of exertional dyspnea associated with basal rales, peripheral edema and/or a palpable liver. They were admitted to the series if, after treatment with digitalis, diuretics and bed rest, a weight loss of more than 2 Kg. accompanied subjective improvement, except for three instances where definite relief of clear-cut paroxysmal nocturnal dyspnea was the only indication of response. Four had a history of previous angina pectoris or myocardial infarction, but 20 presented a moderate hypertension in association with the heart failure. All patients except nine in group 3 and eight in group 4 were male.
Nineteen patients from group 4 had observations made both before and after treatment, as did five additional cases of hypertensive or mitral valvular rheumatic heart disease also in heart failure. Of these 24 cases, six had sufficiently frequent observations to allow conclusions regarding the pattern of their response to therapy. Control studies were made on normal subjects and cardiac patients not in failure, who had duplicate runs taken at intervals of several days to several weeks, to obtain some idea of how much variation might be expected in such comparisons where no failure or treatment was featured.
Ballistocardiograms of the low frequency, critically damped variety8" 9 were taken and measured as usual,7 in the basal state. The Q-I, Q-J, I-J and Q-K intervals were averaged for 10 Basal oxygen consumption was determined when possible in the group 4 patients with the BenedictRoth apparatus, after taking the ballistocardiograms. Occasionally these patients had CheyneStokes respiration which permitted apnea runs free from the chief objection to voluntary breath-holding. Otherwise measurements were made during normal breathing, but dyspnea made interpretation of the breathing runs impossible in seven cases. The duplicate apnea runs sometimes had complexes of different form, apparently depending upon the position of the diaphragm, the amount of straining, and the fatigue of the heart. It was also noted on a few occasions that short intervals between periods of breath-holding caused the amplitude to grow smaller. This effect was avoided for the most part by waiting at least five minutes between breath-holding runs.
The treatment in the group 4 patients varied from digitalis (Digilanid) alone in six patients who were treated in the outpatient department, to bed rest, Digilanid, often with mercurial injections (Thiomerin) and supplementary ammonium chloride, and various sedative agents in the remainder of the patients, who were hospitalized for periods of 7 to 30 days. Diuretic response to therapy was one of the criteria for selection of these patients but all showed clinical improvement as well.
RESULTS
The comparisons between the four groups can best be made by studying the relative distribution of the various intervals, and the amplitudes, as indicated in figure 1 .
The Q-I duration, as limited in young normal subjects between 0.18 and 0.24 second, is exceeded slightly in both directions in the older (patient) series. In patients with arteriosclerotic heart disease the spread is further emphasized, and in heart failure a bimodal type of distribution is seen, with all but a few cases outside of the normal range. The tendency for a shorter Q-I interval with older age seems to be partially reversed as the myocardial process progresses, so that with a good many of the hearts sufficiently effected to produce failure, grossly prolonged Q-I intervals are found.
The Q-J duration also shows increasing disp-rsion with age and with disease, with a greater tendency to shorten in group 4 than is manifested by the Q-I interval.
The I-J duration, also is seen to show greater spread with age, and still further with disease. There is no tendency for it to increase, however, but a definite tendency for it to shorten. Again, a bimodal distribution is seen in heart failure. The mean J-J interval is not significantly different between groups 2 and 3 ( A statistical comparison of various mean values in the four groups under discussion is presented in table 1. The reduction in mean values for Q-J, I-J, Q-K, and F between groups 1 and 2 are all significant statistically (p less than 0.01). There are no significant differences between means of groups 2 and 3, but I-J and F are both reduced between groups 3 and 4 (p less than 0.01), and Q-J is lengthened between groups 2 and 4. All the differences of dicate no real change in minute force induced by the heart, the grams force (F) multiplied by the pulse rate (P), hereafter called the minute systolic force, was also calculated for the various subjects. As can be seen from table 1, the same differences in amplitude persisted even after this factor was included, for the basal pulse rate was not greatly elevated in the particular subjects we were able to work with.
Deviations from the normal form have previously been defined only by notching, slurring, or bizarre alterations in amplitude of one wave or another. We feel our results indicate that much better criteria may be at hand in the normal figure 2d , e, of group 2. Table 2 indicates the percentage abnormality, depending upon the strictness with which we draw the limits of normal, using the finer criteria for normality. The two diseased groups are compared with the normal groups, the range of normal is selected as the mean ±2o-, using values derived from the group parable age for Q-I, Q-J, and I-J or F. Of nine patients in group 3 with electrocardiograms found to be within normal limits, only three had abnormal ballistocardiograms, using these criteria.
The wave pattern in heart failure was strikingly different in 19 In a comparison before and after treatment of certain patients in group 4 the percentage change in the maximum systolic force (F grams); the pulse rate; their product, or the minute systolic force (F X P kilograms per minute); and the ratio of oxygen consumption to (F X P) are presented in table 4. As can be seen, there was a fairly universal fall in pulse rate with improvement, though all but two of these patients had a sinus rhythm. There was a marked tendency to increase the MJ amplitude (F), though in five patients the increase was less than 20 per cent and probably not significant. The reduction in pulse rate did not compensate for the increase in maximum systolic force (F), for the average minute systolic force (F X P) was also increased to just about twice its value before treatment. If further account is taken of the oxygen consumption, so that the simultaneous body requirement for cardiac work is considered, the change becomes still more significant, for in certain subjects who had hardly significant changes in amplitude, a great reduction in oxygen consumption indicated that an increase in cardiac force relative to the requirement was actually present. The ratio of oxygen consumption to (F X P) has the same sense as the A-V oxygen difference, and the failure value was reduced 38 per cent by treatment. Of the 19 cases in which oxygen consumption determinations were available before and after, all but three cases showed a probably significant (more than 20 per cent) reduction in this ratio.
Fifteen of the 20 In all cases, thus far observed, relief of congestion, as indicated by diuresis and weight loss, was accompanied by an increase in the neither increased the amplitude nor improved the form of the ballistic pattern ( fig. 10) . Even though the posttreatment minute systolic force was no higher than the original, there was always a reduction in oxygen consumption/F X P as observed in table 4. It can be seen from the figures that the ballistic form changes progressively from day to day as treatment continues. The huge, abnormal H wave seen in advanced cases of figure 5 for explanation of symbols.) disease, and disease to ultimate heart failure,7 one difficulty of interpretation lies inf differentiating among abnormalities due to the relatively benign aging process, the thickening and altered elasticity of the great vessels, and actual myocardial abnormalities.' We have previously noted shortening of the Q-J interval in old age. This shortening is enhanced by essential hypertensionh" presumably because of an increased elasticity of the distended aorta, but perhaps also because of a shortened maximum ejection phase. With myocardial insufficiency there is a prolongation of the Q-I interval, in general, so that a weakening myocardium in a hypertensive might well modify a previously shortened Q-T interval so as to bring it within or beyond the normal range. This explains why many of our hypertensive patients in heart failure may present a short or The Q-J interval would seem to be related more to total volume of ejection or the duration of the total ejection phase of systole, for the J peak is generally felt to indicate the point at which predominantly footward acceleration in the descending aorta yields to deceleration. This point will be earlier in the cycle as the initial acceleration is increased, the pulse-wave velocity is increased, or the total stroke volume is decreased. Presumably, in congestive failure the numerator of the ratio, or what might be considered the interval related to stroke volume, tends to decrease, while the denominator, the time interval related to acceleration, tends to increase, and the combined effect is a decrease in the ratio. This is an admittedly sketchy hypothesis, based on the work of Hamilton. 4 Inasmuch as the abnormal H wvave of failure begins with the onset of QRS, it may be related to auricular contraction or the isometric phase of ventricular contraction. It may be due to a venous wave traveling in the congested vena cava or to the shift of the heart's position during isometric contraction, as suggested for the origin of the normal H wave,11 15 feel that there are definitely abnormal tracings evi'dent only in the relative delay of I or J peaks. Using notching as the sole criterion, abnormalities were found in about 25 per cent of group 3, while application of standard limits for a normal group of comparable age brought out abnormalities in approximately 50 per cent. In group 4 alone, abnormalities were present in at least 78 per cent by our standards, whereas only 40 per cent showed significant notching. Furthermore, we have found that notching can occur with mild anemia in the absence of demonstrable underlying heart disease.
The increased variation in the amplitude of IJ with respiration in patients with angina pectoris, observed by Brown and co-workers,3 is of interest, though these authors did not describe their "normals." In comparing our normal patients with a group of patients of comparable age with arteriosclerotic heart disease, we find that a fair percentage of both exceed the upper limit of normal for young adults in this regard, but it is not even half, much less all, of the angina and infarction patients who are thus abnormal, and the frequency is no lower in normal subjects of the same age. There seemed to be Iso striking correlation between this ratio and the other criteria for abnormality. In any event, there is a great overlap between normals and patients in this regard, so that such sweeping conclusions as have been made by these authors are hardly warranted from our data.
The ballistocardiograph does siot measure accurately the cardiac output, though there is good reason to believe that gross changes in cardiac output will be reflected by changes in the ballistic amplitude in normals.8 14 Whether or not the ballistic amplitude or maximum (and minute) stroke force is higher after successful treatment than before, there seems to be a consistent reduction in oxygen consumption with diuresis. The ratio of oxygen consumption to (F X P), which carries the same import as A-V oxygen difference, is most consistently reduced by treatment, and helps explain the apparent return of mechanical forces to pretreatment levels. There is, coincident with the diuresis, which is accompanied by an increased mechanical force, a reduction in pulmonary congestion and dyspnea, accompanied by a reduction in oxygen requirement. Once the demand of diuresis is withdrawn, the mechanical force of the heart at rest falls to the level of activity then required. This may be no higher than the failing heart was able to maintain, yet will be adequate because the output required is less. This situation might also obtain when congestion is minimal and related only to activity, the resting output being equally adequate before and after diuresis. Observations with this admittedly -crude instrument indicate no particular difference between the changes induced by digitalis or mercurials except one of timing. SUMMARY 1. Careful measurement of the time between onset of systole and the occurrence of the I nadir or J peak, as well as the vertical IJ amplitude, is compared between groups of young normals (1), older noncardiac patients (2), patients with clinical arteriosclerotic heart disease (3) and patients with arteriosclerotic heart disease and congestive heart failure, with or without hypertension (4) . Serial studies were made in the last group.
2. The incidence of subjects with ballistocardiograms normal in all respects falls with age, is reduced further with disease, and is almost negligible in heart failure. A 3 . In heart failure, a hitherto ignored abnormal H wave, early in systole is present in the majority of cases.
4. The respiratory variation in IJ amplitude was not found to be significantly greater in the patients with arteriosclerotic heart disease than in a group of normals of comparable age.
5. The IJ amplitude, converted to grams of maximum systolic force, was found to increase uniformly after treatment of failure, even though allowance was made for the slight reduction of pulse rate, and especially if related to the reduction in oxygen consumption.
6. Serial studies on patients treated for congestive failure allowed the following conclusions: (a) The transition from congestive heart failure to a state of increased cardiac competence is accompanied by a period of active diuresis, which is uniformly accompanied by a more or less sustained increase in minute systolic force. (b) When originally abnormal, the ballistic form is improved as the amplitude increases. (c) The maximum systolic force is not usually sustained, but falls to an intermediate level, sometimes no higher than the failure level, on compensation; the improvement in form, however, is maintained. (d) Even though minute systolic force is apparently unchanged after the diuresis is completed, this force relative to the oxygen consumption is consistently increased. This is comparable to a decrease in A-V oxygen difference. (e) Failure to respond to digitalis in the above manner is indication that congestive failure was not present.
d. The ballistocardiograph provides a convenient measure of the cardiac activity in and out of heart failure, and, because of the ease of serial observations, can be a useful tool in the evaluation of therapy in congestive failure.
